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ABSTRACT

The demonstration of uncooled brittle materials in structural applications at 2500°F is the objective
of the “Brittle Materials Design, High Temperature Gas Turbine” program. Ford Motor Company, the
contractor, is utilizing a small vehicular gas turbine comprising an entire ceramic hot flow path
including the highly stressed turbine rotors. Westinghouse, the subcontractor, originally planned to
evaluate ceramic first stage stator vanes in an actual 30 MW test turbine engine; however, this objec-
tive was revised to demonstrate ceramic stator vanes in a static test rig. Both companies had in-house
research programs in this area prior to this contract.

In the stationary gas turbine project, the test of ceramic stator vanes in a static rig for 100 cycles up to
temperatures of 2500°F has been completed. This accomplishment meets the revised objectives for the
stationary turbine project and, therefore, this project was completed. The report of the last six months
progress will be included in the final report for the project and published separately.

Fabrication of duo-density silicon nitride turbine rotors continued during this reporting period. Due
to persistent bonding problems between the hot pressed materials in the three-piece design. the
fabrication concept was altered to a simplified two-piece design with the only bond being between
hot-pressed SigN4 and reaction bonded Si3N4. This change was also made possible by the results of a
hot pressing parametric study, which showed that good strength and density could be achieved at
reduced hut pressing pressures. Ten two-piecs rotors were fabricated, and of these, three are being
prepared for testing.

The injection molding of duo-density rotor blade rings has been improved by the addition of a solid
state aulomatic control system which was installed on the injection molding machine. A problem of
unmelted inclusions was discovered and solved by the use of material extrusion and increased nozzle
temperature during molding. Microfocus X-ray equipment has been evalnated and found advantage-
ous [ur blade ring flaw detection

Fabrication of turbine inlet nose cones and stators was resumed on a limited basis. A silicon metal
powder/organic system yielding 2.7 g/cc density reaction bonded silicon nitride material was utilized
for the first time for injection molding of these components. Two additional test fixtures were built for
use in pre-engine test evaluations of ceramic stators. One of these fixtures, the stator vane mechanical
load test fixture, serves a two-fold purpose (1) as an NDE tool to evaluate material and processing
variations, and {2} as a screening tool to qualify stator vanes for subsequent engine testing. The other
rig. the stator outer shroud pressure test fixture, evaluates the stator outer shroud quality before
subsequent engine testing In the testing area, the primary emphesis was placed on the utilization of
these new fixtures to enhance the qualification of stationary ceramic flow path components. The initial
eva.uation of the best quality 2.7 g/et density SigN4 components is underway. In addition. a review of
past weight gain data for 2.55 g/cc density stators, tested at 1930°F, was completed.

In order to select the best method of processing SigN4 powder, the optimum Mg0 content and the
best hot pressing parameters consistent with the hub forming portion of the duo-density rotor process, a
parametric processing study was coaducted. Strength at two elevated temperatures, along with the
Weibull slope. were obtained for a number of hot pressed SigN4 materials. A major concern with the
three-piece approach to the duo-density rotor has been the degree of bonding and the resultant
strength of the bond between the two regions of hot pressed Si3N4. Test bars were cut from six duo-
density rotors such that the hot pressed to hot pressed tond could be positioned within the zone of
maximum stress. Test results showed a strength variation at different locations, being higher at the
center region and lower at the leading and trailing edges. Strength measurements were performed on
Refel reaction silicon carbide. the material used for ceramic combustors. Statistical bend strength
distributions were measured at room temperature and at five elevated temperatures. In addition,
tensile strength was measured at room temperature.
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Previous results obtained from nitriding of large loads of silicon metal powder shapes, such as
molded stators and rotor blade rings, have shown that the nitriding reaciion was not under control. A
technique was developed which allows the furnace to control the nitriding dependent upon the
nitrogen gas consumption rate, resulting in improved material structure. The task on developing high
strength, stable sintered Sialon materials was terminated as a result of funding reductions; the results
of this work are summarized. Work was undertaken to evaluate the use of hot isostatic pressing to
further densify reaction sintered SigN4 performs, using glass encapsulation. Additives were evaluated
and some densification and strengthening were abtained. As yet, attempts to densify complex shaped
parts were not successful.

Work on analytical codes resulted in the development of relationships for computing time-depen-
dent reliability of ceramics in the presence of delayed fracture or static fatigue. These equations are
derived from the subcritical crack growth model and combined with Weibull strength statistics to
determine failure probabilities.

P Y |



FOREWORD

This report is the eleventh semi-annual technical report of the “Brittle Materials™ Design, High
Temperature Gas Turbine” program initiated by the Advanced Research Projects Agency, ARPA
Order Number 1849, and Contract Number DAAG-46-71-C-0162. This is an incrementally-funded six
year program.

Since this is an iterative design and materials development program, design concepts and materials
i selection and/or properties presented in this report will probably not be those finally utilized. Thus all E
design and property data contained in the semi-annual reports must be considered tentative, and the
reports should be considered to be illustrative of the design, materiais, processing, and NDE tech-
niques being developed for brittle materials.

This report covers the period of FYTT {the transition quarter during which the Federal government
fiscal year changed) and the first quarter of FY77. Starting with the first quarter of FY77, ERDA
became a participant in this program along with ARPA. The next interim repart, which will cover the
first full reporting period under the sponsorship of both agencies, will be organized such that work
sponsored by each agency will be separately reported. {

The principal investigator of this program is Mr. A. F. McLean, Ford Motor Company. and the |
technical monitor is Dr. E. S. Wright, AMMRC. The authors would like to acknowledge the valuable
contributions in the perfurmance of this work by the following pecple:

Ford Motor Company

N. Arnon, R. |. Baer, R. R. Baker, H. D. Blair, ] H. Buechel, D. ]. Cassidy, ]. C. Caverly, D. A. Davis, G. .
C. DeBell, A. Ezis, W. A. Fate, :4. U. Goodyear, ]. W. Grant, D. L. Hartsock, P. H. Havstad, |. A.
Herman, R. A. Jeryan, C. F. Joknson, K. H. Kinsman, C. A. Knapp, ]. G. LaFond, 1. A. Mangels, W. E.
Meyer, M. E. Miilberg, T. G. Mohr, P. F. Nicholis, A. Paluszny, G. Peitsch, |. It. .:ecord, L. R. Swank, W.
Trela, |. C. Uy, T. |. Whalen, R. M. Williams, \v. Wu

Army Material and Mechanics Research: Center

G. E. Gazza, E. M. Lence, K. N. Katz. D. R. Messier, H. Priest
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1 INTRODUCTION

As stipulated by the Advanced Research Projects Agency of the Department of Defense at ihe outset
of this program, its major purpose is to demonstrate that brittle materials can be successfully utilized in
demanding high temperature structural applications. ARPA’s major program goal is to prove by a
practical demonstration that efforts in ceramic design, materials, fabrication, testing and evaluation
can by Ilrawn together and developed to establish tlie usefulness of brittle materials for engineering
applications.

The gas turbine engine, utilizing uncooled ceramic components in the hot flow path, was chosen as
the vehicle for this demonstratior. The progress of the gas turbine engine has been and continues to be
closely related to the development of materials capable of withstanding the engine's environment at
high operating temperature. Since the early days of the jet engine, new metals have been developed
which have allowed 4 gradual increase in operating temperatures. Today's nickel-chrome superalloys
are in use, without cooling, at turbine inlet gas temperatures of 1800°F to 1900°F. However, there is
considerable incentive to further increase turbine inlet temperature in order to improve specific air
and fuel consumytions. The use of ceramics in the gas turbine engine promises to make a major step in
increasing turbine inlet temperature to 2500°F. Such an engine offers significant advances in efficien-
cy, power per v~ weight, cost, exhaust emissions, materials utilization and fuel utilization. Success{ul
application of « amics to the gas turbine weculd therefore not only have militery significance, but
would also grea..y influence our natirnal concerns of air pollution, utilization of material resources,
and the energy crisis.

At the program beginning, the application of ceramics was planned for two sas turbine engines of
greatly different size. One was a small vehicular turbine of about 200 HP (contractor Ford) and the
other was a large stationary turbine of about 30 MW (subcontractor Westinghouse). In the vehicular
turbine project, the plan was to develop an entire ceramic hot flow path including the highly stressed
turbine rotors. In the stationary turbine project, the engine is so large that plans were confined to the
development of ceramic first stage stator vanes, and design studics of ceramic rotors. The anticipated
difficulties in applying ceramics to 2 large stationary turbine engine have been substantiated to the
extent that the scope of work for the stationary turbine project was revised to demonstrate ceramic
stator vanes in a static test rig rather than the formidable task of testing in an actual 30 MW test turbine
engine (8).

1t shouid be noted that both the contractor and sub-contractor had in-house research programs in
this area prior to initiation of this program. Silicon nitride and silicon carbide had been selected as the
primary taaterial candicates. Preliminary design concepts were in existence and, in the case of the
vehicular engine, hardware had been built and testing had been initiated.

At the nutset, the program was considered to he both highly innovative and risky. However, it
showed promise of large scale financial and technological payoff as well as stimulation of the pertinent
technical communities. This reporting period is in the sixth year of the program and major accomplish-
ments have been achieved. In the vehicular turbine project, the first 100 hour durability demonstration
of stationary ceramic hot flow paiti components (a nose cone and stator, two shrouds and a spacer) was
carried out in an engine completely coupled with a control system and producing power. In addition, a
partially bladed ceramic turbine rotor has been tested in an experimental high temperature gas turbine
engine up to a speed of 52,800 rpm and turbine inlet t:amperature of 2650°F before subsequent failure.
In tlie stationary turbine project ceramic stator vanes have been tested in a static test rig for 100 cycles
at temperatures up to 2500°F. This latter accomplishment meets the revised objectives for the station-
ary tarbine project and therefore this project was completed.

The focus of the FY77 vehicular turbine project is to confirm, via hot spin testing of ceramic turbine
rotors, the correlation between analytically-predicted rotor reliability and experimental results. This is
a new interim goal. preceding a 200 hour test.

This is the 11th sem;i-annual report of progress The format is different than most previous reports in
that the siatipnary turbine project has been completed while the vehicular turbine project is continu-
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ing. The report of the last six months progress on the stationary turbine project will be included in the
final report for that project and published separately (44). This and future interim reports will cover the
progress and accomplishments cn the vehicular turbine project.

Bt Lt i s

Note: Numbers in parantheses refer to references listed in Section 6.0




2. SUMMARY

The principal objective of the Vehicular Turbine Project is to develop ceramic components and
demonstrate them in a 200-HP si::- high temperature vehicular gas turbine engine. The entire hot flow
path will comprise uncooled ce: :ic parts. The objective is to demonstrate that these parts can survive
200 hours of operation over a representative duty cycle at turbine inlet temperatures of up to 2500°F.
Successful completion of this program objective will not only demonstrate that ceramics are viable
structura! engineering materials, but will also represent a significant breakthrough by removing the
temperature barrier which has for so long ' 'ld back more widespread use of the small gas turbine
engine.

Development of the small vehicular regenerative gas turbine engine using superalloy materials has
been motivated by its potentially superior characteristics when compared with the piston engine.
These include:

— Continuous combustion with inherently low exhaust emissions

E — Multi-fuel capability

— Simple machine - fewer moving parts

— Potentially very reliable and durable

— Low maintenance

— Smooth, vibration-free production of power
— Low oil consumption

— Good cold starting capabilities

— Papid warm-up time

With such impressive potential, the small gas turbine engine using superalloys has been under
investigation by every major on-highway and off-highway veaicle manufacturer in the. world.

In addition. the small gas turbine engine without exhaust heat recovery (i.e.. non-regenerative) is an
existing. proven type of power plant widely used for auxiliary power generation, emergency standby
and continuous power for generator sets, pump and compressor drives, air supply units, industrial
power plants, aircraft turboprops, helicopter engines, aircraft jet engines, marine engines, small porta-
ble power plants, total energy systems, and hydrofoil craft engines. While this variety of applications of
the small gas turbine using superalloys is impressive, more widespread use of this type engine has been
hampered by two major barriers, efficiency and cost. This is particularly so in the case of high volume
automotive applicatious.

Since the gas turbine is a heat engine, efficiency is directly related to cycle temperature. Ir current
small gas turbines. maximum temperature is limited noi by combustion, which at steichiometric fuel/
air ratios could produce temperatures well in excess of 3500°F, but by the capabilities of the hot
component materials. Today, nickel-chrome superalloys are used in small gas turbines where bladc
cooling is impractical, and this limits maximum turbine inlet gas temperature to about 1800°F. At this

: temperature limit, and considering state-of-the-art component efficiencies, the potential overall effi-
ciency of the small regenerative gas turbine is not significantly better than that of the gasoline engine
and not as good as the Diesel. On the other hand a ceramic gas turbine engine operating at 2500°F will
have fuel economies supericr to the Diesel at significant weight savings.

.

The other major barrier is cost and this toc is strongly related to the hot component materials.
Nickel-chrome superalloys, and more significantly cobalt based superalloys which meet typical tur-
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bine engine specifications, contain strategic materials not found in this country and cost well over
$5/1b. This is an excessive cost with respect to high volume applications such as trucks or automobiles.

High temperature ceramics such as silicon nitride or silicon carbide, on the other hand, are made from
readily available and vastly abundant raw materials and show promise of significantly reduce cost
compared to superalloys, probably by at least an order of magnitude.

Thus, successful application of ceramics to the small turbine engine, with an associated quantum
jump to 2500°F would not only offer all of the attributes listed earlier, but in addition would offer
superior fuel economy and less weight at competitive cost with the piston engine.




21 VEHICULAR TURBINE PROJECT PLAN

The vehicular turbine project is organized to design and develop an entire ceramic hot flow path for
a high temperature, vehicular gas turbine engine. Figure 2.1 shows a schematic of this regenerative
engine. Air is induced through an intake silencer and filter into a radial compressor, and then is
compressed and ducted through one side of each of two rotary regenerators. The hot compressed air is
then supplied to a combustion chamber where fuel is added and combustion takes place.

The hot gas discharging from the combustor is then directed into the turbine stages by a turbine inlet
nose cone. The gas then passes through the turbine stages which comprise two turbine stators, each
having stationary airfoil blades which direct the gas onto each corresponding turbine rotor. In passing
through the turbine, the gas expands and generates work to drive the compressor and supply useful
power. The expanded turbine exhaust gas is then ducted through the hot side of each of the two
regenerators which, to conserve fuel, transfer much of the exhaust heat back into the compressed air.

The hot flow path components, subject to peak cycle temperature and made out of superalloys in
today's gas turbine, are the combustor, the turbine inlet nose cone, the turbine stators, the turbine tip
shrouds, and the turbine rotors. These are areas where the use of ceramics could result in the greatest
benefits, therefore these components have been selected for application in the vehicular turbine
project.

Successful development of the entire ceramic flow path, as demonstrated in 4 high temperatare
vehicular gas turbine engine, will involvc a complex iterative development. Figure 2.2 shows a block
diagram flow chart, including the feedback loops, of the major factors involved, and serves to illustrate
the magnitude of this complex and comprehensive iterative development program. Of particular
importance is the inter-relationship of design, materials development, ceramic processes, comnponent
rig testing, engine testing, non-destructive evaluation and failure analysis.

Combustoer

Regenerator

Radia!
Compresser

I'd

Figure 2.1 — Schematic View of the Vehicular Gas Turbine Engine Flowpath




One cannot divorce the development of ceramic materials from processes for making parts; no more
50 can one isolate the design of those parts from how they are made or fr ..n what they are made.
Likewise, the design of mountings and attachments between metal ati¢. - ainic parts within the engine
are equally important. Innovation in the control of the environmen: «1 critical engine components is
another link in the chain. Each of these factors has a relationship with the others, and to obtain success
in any one may involve compromises in the others.

Testing plays an important role during the iterative development since it provides a positive, objec-
tive way of evaluating the various combinations of factors involved. If successful, the test yields the
credibility to move on to the next link in the development chain. If unsuccessful the test flags a warning .
and prompts {eedback to earlier developments to seek out and solve the problem which has resulted in
failure. Finally, all of the links in the chain are evaluated by a complete engine test, by which means
the ultimate objective of the program will be demonstrated. It is important then to recognize that this is
a systems development program — no single area is independent, but each one feeds into the total
iterative system.
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Figure 2.2 — ARPA/ERDA/Ford Ceramic Turbine Program — Major Project and
Development Loops




2.2 CUMULATIVE PROGRAM SUMMARY

To meet the program objectives, the work has been divided into two major tasks:
1. Ceramic Component Development
2. Materials Technology

The progress and present status in each of these is summarized in Section 2.2.1 and 2.2.2.

221 CERAMIC COMPONENT DEVELOPMENT

Two categories of ceramic components are under development: rotating parts{i.e., ceramic rotors),
and stationary parts {i.e., ceramic stators, rotor tip shrouds, nose cones, and combustors). In this
iterative development, each component will pass through various phases comprising design and analy-
sis, materials and fabrication, and testing. In order to assist the reader, those items are italicized which
describe significant milestones which were achieved in the evaluation of ceramic components.
CERAMIC ROTORS

The development of the ceramic turbine rotors is by far the most difficult task in the ARPA program.
This is because of:

o The very complex shape of the turbine rotor forcing the development of new and unique fabrication
capabilities.

o The high centrifugal stresses associated with high maximum rotor speeds.

e The high thermal stresses and associated thermal fatigue resulting from both steady state and
transient high temperature gradients from the rotor rim to the rotor hub.

o The hostile environment associated with the products of combustion from the combustor.

o The high temperature of the uncooled blades resulting from turbine inlet gas temperatures of
2500°F.

Progress and Status

e Fully dense SigN4 first and second stage integral rotors were designed and analyzed {1.2.3.4).
e A method of attaching rotors was conceived and designed {1.2).

e The following approaches for making integral rotors were investigated but discontinued:

— Direct hot pressing of an integral SigNg rotor {1).

— Ultrasonic machining of a rotor from a hot pressed SigNg billet {1,2,3).

— Hot pressing an assembly of individually hot pressed SigN4 blades {1,2).

— Pseudo-isostatic hot pressing of an injection molded SigN4 preform {1,2,3).

— Hot pressing using comformable tooling of preformed Si3gNg4 blades and hub 12,3,4).

— Fabrication of a dense SiC blade ring by chemical vapor desposition {1,2,3,4}.

— Electric discharge machining of a rotor from a hot pressed SiC billet {2,3,4).
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o A “duo-density” SigN4 ceramic rotor was conceived and designed (3).
® Tooling to injection mold SigN4 blade rings was designed and procured (3).

o Several hundred hot press bonding of duo-density rotors have been carried out (10). These have
progressed from rotors with flat-sided hubs to fully-contoured hubs made simultaneously with the
hot press bonding operation. Prior severe blade ring distortion problems have been solved by usinga
double blade fill to support the blade ring during bonding. In addition, the diffusion bond has been
improved as evidenced by microstructural examination. Experiments were conducted using magne-
sium nitrate instead of magnesium oxide as a densification aid. Excellent bonding and density were
achieved but strength was deficient. Successful modifications were made to the graphite wedge
system to reduce blade ring cracking and tearing problems. Problems which remain are occasional
blade ring and rim cracking (4.5.6.7.8).

1 ® Over 110 cold spin tests resulted in blade failures over a range of speeds, some of which exceeded
full speed requirements of the new Design D’ blading. However, an improvement in consistency is
required if a reasonable yield from the blade ring fabrication process is to be achieved. This
emphasizes the need for three-dimensional blade stress analysis as well as development of a higher
strength, better quality blade material. Cold spin testing of rotor hubs of hot pressed SigN4 showed a
characteristic failure speed of 115,965 rpm with a Weibull rpm slope of 17.66 (7). Several hot pressed
hubs, made by the hot press bonding process, were cold spun to destruction, and showed results
consistent with hot pressed hubs fabricated separately (8). A high speed motion picture study (3000
] frames/sec) was conducted of a turbine rotor failure in the cold spin pit (8).

® A three dimensional model of the rotor blade along with heat transfer coefficients has been gener-
ated for thermal and stress analysis (5.6,8).

® Development of better quality blade rings continues. X-ray radiography of green parts has proved
effective in detecting major flaws. Slip cast SigN4 test bars having a density of 2.7 gm/cc show four
point MOR of 40,000 psi. Processes to slip cast a rotor blade ring have been investigated as have
methods of achieving 2.7 gm/cc density with injection molded material (6,7.8).

® Thermal shock testing simuleiing the engine light-off condition was conducted on rotor blade rings
for approximately 2,500 cycles without damage (5.6).

® A technique to evaluate probability of failure using Weibull's theories was developed and applied to
ceramic rotors (5).

® A test rig was designed and built to simulate the engine for hot spin testing of ceramic rotors (3,4,5). A
set of low quality duo-density rotors was spin tested to 20% speed and 1950°F for a short time before
failure, believed due to an axial rub (7).

® A revised rotor design (Design D) was conceived, using common rotors at first and second stage
locations (7).

® A lower stress version of the Design D rotor, designated Design I, has been designed using radially
stacked blade sections. Blade centrifugal stresses were reduced from 21,000 psi in Design D to 13,180
psi in Design D’-(8).

o The rotor test rig was rebuilt and testing initiated to evaluate the rotor attachment mechanism and
the curvic coupling mounting design. Hot-pressed Si3gN4 rotor hubs were subjected to 10 operating
cycles from 900 to 1950°F, during a 3-3/4 hour test, without damage (8).

® Design codes for ceramics were refined to include nonlinear thermal properties of materials and to
allow for the specification of the MOR-strength and Weibull "m" requirements for a given failure at
a specified loading and reliability level (9,10).
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@ Rotor hubs were successfully densified and press bonded at both 2% and 3-1/2% MgO levels,

resulting in reduction of MgO migration into the blade ring and improved high temperature strength
over previous pressings with 5% MgO (9).

A design C duo-density rotor with a few obviously flawed blades removed was cold spin tested after
static oxidation at 1900°F for 200 hours. A single half-blade failure occurred at 53,710 rpm, which
corrects to 68,000 rpm or 105% speed for the present shorter bladed Design Y configuration. The
results of a number of spin tests of slip cast SigN 4 blade segments were combined to yield a median
failure speed of 64,000 rpm (9).

Over five hundred blade rings, previous to Design D, were injection molded for press bonding
experiments, cold spin tests, and hot tests (9).

New tooling to injection mold the lower siressed Design D’ rotor blade rings was received and trial
moldings to establish molding parameters were initiated (9))\_,‘_?._

Progress has been made in several aspects of the press-bonding step »f duo-density rotor fabrica-
tion. A problem of excessive deflection of the graphite support structure beneath the rotor assembly,
permitting bending ard subsequent blade fracture, was solved by the substitution of high modulus
hot pressed SiC for the low modulus graphite. Increasing the rate of pressure application also
improved the quality of the hub sections (9).

A new hot spin test rig, designed to i.nprove the turn-around-time in testing turbine rotors, has been
constructed, and is currently in the shakedown testing phase. Using gas burners instead of a gas
turbine combustion system, this rig simulates the engine environment and was designed to be
quickly rebuilt following rotor failures (9).

In the program to engine evaluate ceramic rotors having reduced blade length (and less risk of
catastrophic failure), two duo-density SigN4 rotors with the blades shortened to 10% of the design
length were selected and cold spun to 64,000 rpm (9). These rotors were then hot tested in an engine
for 45 minutes at 32,000 rpm and 2000°F turbine inlet temperature without failure (10).

The aerodynamic design of an increased efficiency turbine, designated Design E. was initiated.
Flowpath optimizaiion, a one dimensional stress analysis, and preliminary detailed blade section
definition were completed for both the first and second stage turbine statc=. and rotors (9).

A process has b:en developed to slip cast turbine rotor blade rings (9).

3-D stress and reliability analyses were performed on preliminary blade configurations for the
increased efficiency Design E turbine rotors (10).

500 Design [ blade rings have been injection molded which will nitride to 2.7 g/cc density (10).

A new fabrication approach, called the 3 piece concept. to make duo-density silicon nitride turbine
rotors, was conceived and demonstrated that a significant reduction of upplied loads during hot
press bonding could be achieved, generally eliminating blade and rim cracking (10).

Good correlation was demonstrated beiween predicted cold burst speed and actual spin test results
on nine rotor hubs spun to destruction (10).

Six available duo-density turbine rotors of imperfect quality were used to check out the hot spin rige
by hot spin testing to failure, with failure speeds ranging from 12,000 rpm to 35,300 rpm at rotor rim
temperatures ranging from 1780° to 2250°F, (corresponding to equivaler.t estimated blade tip tem-
peratures in an engine of 1930°F to 2400°F) {10).

A duo-density retor with flewed blades removed achieved 52,800 rpm in the modified design engine
with ceramic stationary flowpath prior to an unscheduled dynamometer shutdown. A maximum
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turbine inlet temperature of 2650°F was observed during this run. Post inspection showed all
ceramic parts to be crack free. The rotor failed during a subsequent run at 50,000 rpm and 2300°F
T.LT. (10).

Since the Weibull probabilistic method is being used in the design of ceramic turbine rotors, an
investigation of various estimation techniques to obtain Weibull parameters from test data was
carried out. The method selected and used in this program is the “Maximum Likelihood Estimator”
(MLE) method. Confidence intervals in estimating Weibull parameters using the MLE method were
computed to vary significantly with the number of samples tested *.

An analytical method was prepared, b..sed on the Wiederhorn-Evans approach (11). to predict the
time-to-failure of complex, multiaxially-stressed ceramic components such as the ceramic turbine
rotor *.

Effort to design improved efficiency ceramic turbine stages (Design E) led to the consideration of a 3-
stage turbine versus the current 2-stage design. It was shown that, for the same overall level of
efficiency, a three stage turbine would have a significantly higher reliability and could operate at
50,000 rpm maximum speed rather than the 64,000 rpm required to obtain the same power output
from a two stage turbine. Alternately, for equal levels of overall reliability, the 3-stage design can be
expected to be 3-5 percentage points better in aerodynamic efficiency. Further work on improved
efficiency Design E turbine stages was terminated as a result of reductions in the overail program *.

An automatic control system utilizing solid state logic elements was designed, built and applied tc
the injection molding of ceramic turbine components, particularly rotor blade rings. The objective
was to consistently control such parameters as molding material temperature, die temperature and
various sequencing times. The desired setting of each parameter was varied systematically to optim-
ize the molding process for rotor blade rings based on visual and X-ray inspection. In addition to
using optimized molding parameters, it was found necessary to clamp the die accurately to avoid
blade root cracks, and to pre-extrude the starting material to avoid unmelted inclusions. A quantity
of Design DY rotor blade rings was molded in ihe 2.7 g/cc density SizNg4 material system utilizing
these improvements for subsequent processing *.

A parametric study of processing hot pressed SigNg (HPSN) involving SigNg powder quality, hot
pressing additive, powder milling conditions, and hot pressing conditions, was initiated in an effort
to improve the expected reliability of duo-density SizNg turbine rotors. Sixty HPSN billets were
made and used to establish Weibull strength data at 1600°F and 2200°F which is representative of
the maximum operating temperatures at the rotor bore and bond respectively *.

Test bars cut from three-piece duo-density SigNg rotors showed low strength in the bond between the
HPSN hub and the HPSN bonding ring. Failures of this bond in spin tests also confirmed its lack of
strength. In parallel, parametric studies on hot pressing SizNg4 showed that flat sided HPSN discs
could be made at pressures as low as 500 psi. As a resull, an improved two-piece, duo-density SigNg
rotor witha simplified hub profile was considered: this would eliminate the troublesome hub/bonding
ring bond and facilitate low hot pressing pressures which should minimize blade ring damage. Ten
such two-piece, duo-density Si3Ng rotors were hot press bonded at pressures from 500 to 1500 psi
using a 3-1/2 w/o MgO additive material for the hub. Three of these had no rim cracks and only minor
blade cracking. and have been selected for finish machining and subsequent spin testing *.

Development of the hot spin rig continued and resulted in improvenients in the failure detector
system, lemperature measuring system, and burst absorption capability. To check out the latter. a
bladcless rotor was accelerated to 64.840 rpm and the temperature gradient increased until failure
occurred. The attachment bolt fractured as designed. the ceramic fiber insulation and stainless steel
backing absorbed the failure, and the rotor shaft was only slightly scored at the bearing journal. This
damage was quickly repaired 1o demonstrate a relatively fast turn-around time *.

Note: Reler to this ~2port for ilems noted *.




® Finite element models of a duo-density SigN4 rotor tested in the hot spin rig were made and will be
used to calculate temperatures and stresses in the rotor for a given operating speed and rim tempera-
ture *.

® A number of lubricants have been investigated for the rotor ceramic-to-metal curvic coupling
including Nickel Ease, Molyxote, Electrofilm, Borkote, and Molydisulfide. A problem of limited life
at the 1400°F operating temperature resulted in the development of a 1/4 mi! thick gold coating on
the contacting surfaces of the curvic teeth. Such a coupling has been tested through four complete
thermal cycles with no significant deterioration, and will be used in the next engine test of a ceramic
rotor *.

CERAMIC STATORS, ROTOR SHROUDS, NOSE CONES, “ND COMBUSTORS

While development of the ceramic turbine rotor is the most difficult task, development of the
stationary ceramir: flow path components is also vitally necessary to meet the objective of running an
uncooled 2500°F vehicular turbine engine. In addition, success in designing, fabricating, and testing
these ceramic components will have an important impact on the many current applications of the small
gas turbine where the use of stationary ceramics alone can be extremely beneficial. The progress and
status of these dev.lopments is summarized, taking each component in tmn.

Progress and Status
Ceramic Stator

® Early Design A first stage stators incorporating the turbine tip shrouds had been designed, made by
assembling individual injection molded 1eaction bonded Si3N4 vanes, and tested, revealing short
time thermal stress vane failures at the vane root (1).

® Investigation of a number of modified designs led to Design B, with the rotor shroud separated from
the stator. Short time thermal stress vane failurrs at the vane root were eliminated (1).

@ In the fabrication of stators, the starting silicon powder, the molding mixture, and the nitriding cycle
were optimized for 2.2 gm/cc density reaction bonded SiaNg (2,3).

® Engine and thermal shock testing of first stage Design B stators revealed a longer term vane cracking
problem at the vane mid-span. This led to modification of the vane chord, designated the Design C
configuration, which solved the vane mid-span cracking problem (3).

® A remaining problem in first and second stage Design B stators was cracking of outer shrouds,
believed due to the notch effect between adjacent vanes. To solve this, a one-piece first stage stator
(Design C) was designed and tooling was procured (4.5).

o The Design B second stage stator could not be made in one piece due to vane overlap, so an
“inverted channel” design was investigated to eliminate notches at the outer diameter. However,
engine testing showed that axial cracking of the outer shroud remained a problem (3,4.5.6).

® A 50 hour duty-cycle engine test of the hot flow path components to 1930°F was completed. The
assembled first stuge Design C stator wus in excellent condition; 8 out of 33 vanes in the second stage
inverted channel stator had developed fine cracks (6).

® A 100 hour duty-cycle engine test of the hot flow path components {without a second stage stator) to
1930°F wus completed. The reaction bonded silicon nitride (2.55 g/cc density).one piece first stage
Design C stator successfully survived this test (7).

e Improvements in materials and processing resulted in the fabrication of flaw free one piece stators
of 2.55 gm/cc density (8).

Note: Refer to this report for items noted *.
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® A test was devised for mechanically loading stator vanes to failure which provided useful informa-
tior for material and process development (8).
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e Thermal shock testing of 2.7 gm/cc density stator vanes revealed no detectable cracking and
negligible strength degradation after 9000 cycles of heating to 2700°F and cooling in the thermal
shock rig (8).

® Processing of 2.55 gm/cc density injection molded stators continued. Consistently high weight gains
(61-62%) have been obtained using the Brew all-metal furnace employing a slow, gradual rate-of-
rise cycle, 4% H32-96% N2 gas under static pressure, and SigNg4 setters and muffles (9).

® An injecticn molded stator of 2.55 gm/cc density SigN4 survived static testing (no rotors) for 175
hours at 1930°F steady state. Weight gain of the stator was less than 1%, and this stabilized after 10
hours of testing. The stator is in excellent condition (9). ]

PR,

e Testing of stators up to 2500°F in the Flow Path Qualification Test Rig was initiated with over eight
hours of testing accumulated at 2500°F (9).

® A reaction bonded silicon carbide stator successfully accumulated 147 hours of testing at 1930°F and
remains crack free (10).

il

e Over nine hours of testing of a silicon nitride stator were accumulated without incident in the
modified engine configuration to a maximum turbine inlet temperature of 2650°F (10).

® Asa result of funding reductions in the over *{l - - ngram, a short-term attempt to fabricate stationary
ceramic components was made and the ba  vailable parts were selected for testing. Attempis to
injection mold one-piece stators in the 2.7 3/.c density SigN4 material system were made and a
variety of molding parameters were examined. A number of stators were processed with good vane .
quality but questionable outer shroud quality.*

® Three 2.7 g/cc density SigNg stators passed mechanical loading tests in the stator vane and outer .
shroud loading fixtures though one was categorize. poor due to visual fillet cracks. This latter one
failed the 10-light qualification test. The other two stators passed the 10-light qualification test®.

® A review was made of earlier durability testing of 2.55 g/cc density SigNg4 stators at 1930°F. The
weight gain was a measure of incipient failure. For example, the failures of six 2.85 g/cc density
SigN4 stators were associated with weight gains in excess of 1.9% . This wide variation of weight gain
is thought to be due to the variation in open porosity caused during the nitriding cycle. .t is expected
that this problem will be considerably lessened for higher density 2.7 g/cc density Si3N4 having
good quality microstructure *.

Cerxmic Rotor Shrouds

® Separate first and second stage ceramic rotor shrouds. which are essentially split rings, evolved in
the stator change from Design A to Design B (1).

e As a result of rig and engine testing. rotor shrouds made of cold pressed. reaction siniered SigNg
were modified to have flat rather than conical side faces (2).

e Because of occasional cracking. cold pressing was replaced with slip casting for making higher
density rotor shrouds, resulting in a 2-3 fold increase in strength {3).

Note: Refer to this report for items noted *.




o Slip casting of rotor shrouds sclved the cracking problem but revealed a dimensional change prob-
lem as a function of operating time. This was solved by incorporation of nitriding aids, heat treat-
ment cycles, and other changes in the fabrication process which reduced instability to acceptable
levels (4.5.6).

® A 50 hour duty cycle engine test of the hot flow path components to 1930°F was completed, after
which both first and second stage rotor shrouds were in excellent condition (6).

® A 100 hour duty cycle engine test of the hot flow path components to 1930°F was completed. after
which both first and second stage rotor shrouds were in excellent condition (7).

® Further testing of rotor shrouds to 245 hours and over 100 lights showed them to remain crack free
and in excellent condition (7).

e Over nine hours of testing slip cast SizN4 rotor tip shrouds were accumulated without incident in
the modified engine configuration used for testing a ceramic turbine rotor up to a maximum turbine
inlet temperature of 2650°F *.

Ceramic Combustors

e Combustor tubes made of slip cast Si3N4 and various grades of recrystalized SiC (Crystar) cracked
during lights off tests in the combustor rig (4).

® A thick-walled, reaction bonded silicon carbide {REFEL) combusior successfully completed the 200
hour duty cycle test. A total of 26 hours and 40 minutes was accumulated at a turbine inlet tempera-
ture of 2500°F (10). This combuster was aiso successfully tested in an engine (8).

o Three thin-walled. reaction bonded silicon carbide (REFEL) combustors were successfully qualified
over a 10 hour portion of the ARPA duty cycle (10).

Ceramic Nose Cones {with integral transition ducts)

o Early Design A nose cones had been designed. made from injection molded reaction sintered SizNy.
and tested (1).

o The nose vone was modified to Design B to accommodate the Design B first stage stator. Several
Design B nose cones were made and tested in rigs and engines (2).

o Voids in molding nose cones were minimized by preferentially heating the tooling during meldir.g

(5)

e Circumferential cracking and axial cracking problems led to pre-sloited, scalloped nose cones desig
nated Design C (3.4.5.6).

e A 50 hour duty cycle engine test of the hot flow path companents to 1930°F was completed, after
which the Design C nose cone was in excellent condition (7).

® A 100 hour duty cycle engine test of the hot flow path components to 1930°F was completed., after
which the Design C nose cone was in excellent condition (7).

o Further testing of the 2.2 g/cc density nose cone to 221 h.. irs showed it to ~emain crock free and in
excell=nt condition (7).

o Improvements in materials and processing resulted in the fabricatior of flaw free nose cones of 2.55

gm/cc density (8.

Note: Refer to this report for items noted °.
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® Processing of 2.55 gm/cc density injection molded nose cones continued. Consisiently high weight
gains (6i-62%) have been obtained using the Brew all-metal furnace employing a slow, gradual rate-
of-rise cycle, 4% H2-96% N2 gas under static pressure, and SigN4 setters and muffles (9).

® Testing of nose cones up to 2500°F in the Flow Poth Qualification Test Rig wos initioted with over
eight hours of testing accumuloted ot 2500°F (9).

e Over nine hours of testing o silicon nitride nose cone were occumulated without incident in the
modified engine configurotion to o maximum turbine ialet temperature of 2650°F (10).

® As a result of funding reductions in the overall program, a short-term attempt to fabricate stationary
ceramic components was made and the best available parts were selected for testing. A number of
Design D nose cones were injection molded in the 2.7 g/cc density SigN4 material system using an
autom.ated molding control system, primarily developed to make high quality rotor blade rings. Nose
cones were processed through nitriding and appeared visually good except for fine cracks between
the strut and inner nose.*

® Three 2.7 g/cc density Si3N4 nose cones successfuily passed the 10-light qualification test. One of
these has accumulated 10 hours of testing at 1930°F *,

Note: Reler to ihis report for items noted *.
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222 MATERIALS TECHNOLOGY

Materials technology forms the basis for component development including component design,
component fabrication, material quality in the component as-made, and evaluation by testing. There
are three major categories under materials technology — materials engineering data, materials science,
and non-destructive evaluation. Progress and present status in each of these areas is summarized

below:
Materials Engineering Data

o Techniques were developed and applied for correlating the strength of simple ceramic spin disks
with bend test specimens using Weibull probability theories (5).

o Elastic property data as a function of temperature was determined for various grades of silicon
nitride and silicon carbide (2,3,4,5,6,7,9).

® The flexural strength vs. temperature of several grades of SiC and Si3N4 was determined
(3.4,5,6,9,10).

® The compressive strength vs. temperature of hot pressed SiC and hot pressed SigN4 was deter-
mined (4).

o Creep in bending at several conditions of stress and temperature was determined for various grades
of reaction sintered silicon nitride (4,5,6,9).

® The specific heat vs. temperature of 2.2 gm/cc density reaction sintered SigN4 was measured, as
were thermal conductivity and thermal diffusivity vs. temperature for both 2.2 gm/ccand 2.7 gm/cc
density reaction sintered SigNg (4).

® Stress-rupture data was cbtained for rezction sintered silicon nitride under several conditions of
load and temperature (6,9,10).

® A group of 31 2.7 gm/cc density injection molded SigNj4 test bars, made using the best current
nitriding cycle and an atmosphere of 4% Hg, 96% N3, resulted in a Weibull characteristic strength of
44.3 ksi and an m value of 6.8. Additional material development work is aimed at obtaining a higher
m value (9).

o The effects of surface finish and post machining heat treatment on the room temperature strength of
hot pressed silicon nitride were determined (10).

® The variation in MOR strength of hot pressed silicon nitride was determined from rotor-to-rotor,
within cne rotor, und as a function of initial material preparation (10).

® Room and elevated temperature flexure strengths of injection molds:d reactior sintered silicon
nitride of 2.7 g/cc density were delermined (10).

@ No time dependent failures were observed for 2.7 g/cc density injection molded reaction sintered
silicon nitride during stress-rupture testing for up to 200 hours at stresses of 20-30 kst and tempera-
tures of 1900-2200°F (10).

® A simple, practical approach, based on the Wiederhorn-Evans (11) theory, was derived to predict the
life of a cercmic under load. The only material measurements required arc two sets of strength
values at two stress rates. For a given material, this would comprise a statistical number of bend tests
(preferably > 30) at each of two stress rates for each temperature. Stress-reliability-lifetime design
diagrams can then be readily constructed. Comparison of predicted lifetimes using this m.:thod
agrees reasonably well with limited published experimental stress rupture data °.

Note: Refer to this report for items noted *.
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@ Weibull MOR strength parameters were measured for “Refel” reaction bonded SiC at room temper-
ature and five elevateC temperatures. In addition, room temperature Weibull strength parameters in
tension were measured but, using probablistic methods, did not correlate with the MOR strength
data within a 90% confidence band. Suspected parasitic stresses in the tensile test and/or differ-
ences in specimen surface quality are being investigated *.

Materials Science

® A technique was developed and applied to perform quantitative x-ray diffraction analysis of the
phases in silicon nitride (2).

® An etching technique was developed and used for the study of the microstructure of several types of
reaction sintered silicon nitride (2).

@ ihe relationship of some processing parameters upon the properties of reaction sintered SigN4 were
evaluated (3,4,5,6,10).

o The oxidation behavior of 2.2 gm/cc density SigNg4 was determined at several different tempera-
tures. The effect of oxidation was found to be reduced when the density of reaction sintered SigNg
increased (3,7).

o The relationship of impurities to str:ngth and creep of reaction sintered silicon nitride was studied,
and material was developed having considerably improved creep resistance (4,5,6,9).

® Fractography and slow crack growth studies were performed on reaction sintered SiC (5) and hot
pressed SigNg (6.7).

@ The development of sintered Sialon-type materials was initiated (7). The effects of yttria additives
were being studied, especially in relation to the formation of glassy phases (8.10).

® A higher density (2.7 gm/cc) molded SizN4 has been develop-d which will be used for component
fsbrication. Four point bend strengths of 43 ksi at room temperature were measured (8).

@ An experimental study showed that high pressures did not facilitate nitriding of relalively dense
silicon compacts. A parallel theoretical study showed that to store sufficient nitrogen within the
pores and avoid diffusion, an impractically high pressure would be needed (8).

® Three techniques o improve the oxidation resistance of 2.7 gm/cc density injection molded SizNg
were evaluated (9).

o Nitriding exotherms, resulting in lucalized silicon temperatures in excess of 1420°C, produced
silicon “melt out” with resulting large porosity and lower strength. Eliminating these exotherms by
controlling furnace temperature appears to be the key to uniform microstructure, fine porosity and
higher strengths (10).

e Work on yttria-coataining Sialons showed that melting occurred at about 1200°C whether or not the
glassy phase was crystallized. A number of further experiments were conducted to prepare single
phase sialons from either the SigNg/Al203/AIN or SigNg/Al203/ AIN/SiO2 material systems. Fur-
ther work on Sialons was terminated as a result of reductions in the overall program *.

® Use of a programmed temperature/time nitriding cycle resulted in variations of the microstructure

of reaction sintered Si3gN4, depending on furnace load. To correct this, a control system was de-
signed and built to control the furnace temperature/time cycie automatically to maintain a reasona-

Note: Refer to this report for items noted *.




bly steady consumption of nitrogen (i.e. nitriding rate). Use of this automatic control was shown to
produce 2.7 g/cc density SigN4 with consistent, high quality microstructure over a wide range of
furnace load.*

® A fabrication technique for turbine components of reaction bonded SiC has been under develop-
ment by moiding a thermoset polymer filled with SiC particles, pyrolyzing the polvmer to carbon,
then reaction bonding the structure by the infiltration of molten silicon *.

Non-Destructive Evaluation

® Ultrasonic C-scan techniques were developed and applied to the measurement of internal flaws in
turbine ceramics (1,2,3,4).

® Sonic velocity measurements were utilized as a means of quality determination of hot pressed SizgN4
(2,3,5.9).

® A computer-aided-ultrasonic system was used to enhance the sensitivity of defect analysis in hot
pressed SigNy (3,4,6).

® Acoustic emission was applied for the detection of crack propagation and the onset of catastrophic
failure in ceramic materials (1,2,5,6).

o A method was developed and applied for the detect on of small surface cracks in hot pressed SigNg
combining laser scanning with acoustic emission (4).

® X-ray radiography was applied for the detection of internal defects in turbine ceramic components
(2,3.4,5). Hidden flaws in as-molded stators and rotor blade rings were located by x-ray radiography
(5.€,7). Such NDE of as-molded parts has been used to develop processes to make flaw-free compo-
nents (8).

o A dye penetrant has been used to detect surface cracks in components made of the 2.55 gm/cc density
SizNg (8).
.
® A state-of-the-art summary of MDE methods as applied to the ceramic turbine programs was com-
piled (6).

® 500 injection molded blade rings were examined, most of them in detail using 30X magnification and
X-ray radiography NDE techniques (10).

® A blade bend test wa¢ applied to a number of rotor blade rings to assess their quality in terms of
characteristic failure load and Weibull modulus. A distinct difference was demonstrated between
blade rings nitrided in 100% N3 and those nitrided in a 96% N2/4% Hg2 mixture, with the latter
being approximately 30-40% stronger *.

® Two test fixtures were designed, built and applied for the mechanical loading of stators either to
failure or to a pre-determined proof load. One fixture simultaneously loads each stator vane, and ific
other pressure loads the stator outer shroud. Testing to a proof load, while not a direct method of
detecting flaws, can be considered a form of NDE. From testing several stators in these fixtures, a
marked improvement in failure load was shown for 2.7 g/cc density SigN4 stators as compared to
stators made from earlier 2.55 g/cc density material. In addition, low-load vane failures could be
direcdy related to fillet cracks *.

o A number of NDE techniques were reviewed for possible application to ceramic turbine compo-

nent: including Microfocus x-ray, infrared thermography, x-ray tomography, an electrostatic
methcd, and holosonics *.

Note: Reior to this report for items noted *.
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23 FUTURE PLANS

Section 2.2 of this repert summarizes the progress made in ceramic component development and
materials technology over the contract period. Significant accomplishments have been realized in
terms of design, materials, fabrication and testing cn both the statinary ceramic components and the
ceramic turbine rotors; for both these areas, iterative development is well underway. Nonetheless,
further iterations are required, particurlarly in the area of ceramic turbine rotors, to meet the program
objective and demonstrate that such ceramic components can survive 200 hours of testing ai tempera-
tures up to 2500°F.

Finite element analytical techniques based on sub-critical crack growth will be developed end
applied to the duo-density Si3N4 turbine rotor using estimated material time-dependent properties.
These analyses should enable assessments of rotor lifetime reliability to be made for various operating
conditions and may also influence the procedures for testing ceramic turbine rotors.

In line with the ERDA work tasks, a continued, concentrated effort in the next reporting period will
be made on improved quality turbine rotors. Fabrication development of two piece, duo-density SigNg
rotors will be emphasized, using the thicker hub, to eliminate problems of the three-piece rotorsand to
minimize blade ring damage. Tooling and procedures for finish diamond grinding the hub profile will
be developed, and finish machining of improved quality rotors will be initiated. During the next 6
months and in accordance with the ARPA work tasks, testing of ceramic rotors will be performed in
both the hot spin test rig and the modified engine. Thic major testing objective for final year 1977 is to
test six duo-density SigN4 rotors in the hot spin test rig at a fixad speed and temperature to assess their
lifetime reliability, and establish correlation with analytical predictions.

In the area of stationary ceramic components, both 1930°F and 2500°F durability testing will be
conducted using best-quality-available components made of 2.7 g/ec reaction sintered SigNg.
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3 PROGRESS ON CERAMIC COMPONENT DEVELOPMENT
a1 DUO-DENSITY SILICON NITRIDE CERAMIC ROTOR DEVELOPMENT

SUMMARY

A study was performed which showed that, for equal levels of overall turbine reliability, a signifi-
cant increase in turbine efficiency could be realized with a three-stage turbine versus a two-stage
turbine. A method of analysis has been prepared for the prediction of turbine rotor tailure reliability
using the speed and temperature operating conditions experienced in the hot spin test rig.

Experience with injection molding of ceramic turbine componsnts has indicated the need for very
accurate control of molding parameters. An automatic solid state control system has been incorporated
into the injection molding machine. Improved correlation between molding parameters and resulting
flaws has been achieved through the use of a higher power microscope with improved part illumina-
tion, and higher resolution of rim voids by oblique x-ray techniques. An instrumentation probe was
added to the molding die to monitor die movement relative to an established norm. Unmelted injection
molding material inclusions in the molded parts were discovered and were eliminated by extruding
the material several times prior to injection molding and by increasing injection nozzle temperature.

Forty-six turbine rotors of the three-piece concept were fabricated during this reporting period.
Blade and rim cracking were minimal; however, lack of complete bonding between the hot pressed
hub and the hot pressed bond ring persisted despite several modifications to the fabrication process
intended to correct this problem. The fabrication concept was changed to a two-piece design involving
hot pressing and simultaneous bonding of a simplified, flatter hub to a reaction bonded blade ring. Ten
duo-density rotors were fabricated, and of these, three rotors are being prepared for testing to evaluate
two-piece rotor fabrication quality.

A new tool for non-destructive evaluation of ceramic turbine components was investigated. The
Magnaflux MXK-100M Microfocus x-ray tube is lightweight, small, and is particularly advantageous
because of its small focal spot diameter. Using this equipment, a technique of panoramic x-ray of the
rim of ceramic blade rings has been demonstrated.

Development of the hot spin test rig for evaluation of ceramic turbine rotors continued. The failure
detector system was modified to incorporate platinum wire to correct an oxidation problem experi-
enced with the chromel wire previously used. The turbine rotor temperature measuring system was
improved bv the addition of a bracket to support the pyrometer. which allows accurate repetition of
temperature measurements at specific radii. Turn-around time of the test rig after a rotor burst was
reduced by modification of the bearing and shaft labyrinth seal system. Burst of a rotor hub at 64,840
rpm resulted in minimal damage to the test rig components which was quickly repaired. Continuation
of development of an interface material for the Curvic coupling rotor mounting system produced a
successful demonstration of the capability of gold plating of the Curvic teeth to survive four simulated
engine thermal cycles without significant deterioration.
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311 DESIGN AND ANALYSIS

Introduction

During this reporting period, studies were conducted on a Design E turbine and on the analysis of
rotor spin test results.

Design E Three-Stage Vs. Two-Stage Study
Introduction

In the two previous reports (9) and (10), the analysis of a high-efficiency turbine with estimated near-
future material properties, designated design E, was presented. In its final configuration this turbine
was estimated to be about 7-1/2 percentage points higher in total-to-total efficiency than the current Y
design. In order to determine if increased efficiency levels of this magnitude could be achieved
without compromising mechanical reliability levels based on current material properties, a study was
performed during this reporting period to investigate the relative advantage of replacing the current
two-stage design with a three-stage design.

Generally speaking, in adding a stage to a turbine, one anticipates a gain in acrodynamic efficiency
to be realized for the same blade speed and pressure ratio. Alternatively, the speed may be reduced,
the efficiency level maintained, and the reliability increased because of the lower stress levels associ-
ated with the reduced speed. The latter, however, will be counteracted to some degree by the reduc-
tion in reliability due to the addition of a third rotating component.

The primary objectives of this study were to establish if a three-stage turbine design would have a
clear-cut advantage over a two-stage design in either of two directions; (1} increased aerodynamic
efficiency at current reliability levels; or (2] increased rotor reliability at current (two stage) efficiency
levels.

To establish quantitatively the relative efficiency/reliability advantages of the three-stage turbine,
various flow path configurations of both two and three-stage turbines were analyzed in terms of
aerodynamic efficiency and mechanical reliability. Simplified stress models of disks and blades were
used for all configurations. The disks considered were equal in thickness to those currently fabricated.
In the efficiency analysis, various acrodynamic quantities were investigated to assure that the final
configurations were reasonably optimum subject to common constraints.

Aerodynamic Efficiency Analysis

The conditions assumed in the efficiency calculations are summarized in Table 3.1. Free-vortex
designs were used rather than non-free-vortex helically stacked designs because of the ease of scan-
ning different canfigurations with free-vortex techniques. Helically stacked nen-free-vortex turbines
as currently designed (8} are generally one percentage point or less lower in efficiency than

the equivalent free-vortex designs. The existing Ford Turbine Aerodynamic Analysis computer pro-
gram, based on a modified version of the Ainley-Mathieson (12, 13} method of turbine performance
evaluation, was used for the efficiency calculations. The design analysis condition was selected at the
70% of Nmax level (about 30% power) as it wac felt that (ais was an appropriate middle range
condition to assure reasonable low and high power performance. The lower Fmit of rotational speed
variation for the three-stage turbine of 81.87% of current (52,452< N max<6+.240 rpm) was selected to
give the same average stage isentropic velocity ratio as the current two-stage turbine. Rotational speed
and flow path configuration were found to have a significant effect on efficiency. Of the three different
basic flow path configurations studied as shown in Figure 3.1, the constant tip (flow path C) is almost 3
percentage points higher than the constant hub (flow path A} at the same rotational speed. Both these
results are due to similar variations in mean blade speed. The remaining quantities shown on Table
3.1, weight flow, stage work split, annulus area, and stage exit swirl all had generally smali effects on
efficiency.




TABLE 3.1
‘ TURBINE AERODYNAMIC EFFICIENCY STUDY

Constant Parameters and Conditions

® Free Vortex Design Turbines

o Negligible Stator Leakage

@ Solidity, Trailing Edge Thickness, Tip Clearance, Number of Blades

Turbine Inlet Conditions

o Design Condition: 70% Speed (1840°F Regenerator Inlet)
e Ty = 2715°R W = 0.916 lb/sec

o P7 = 32.7 psia PR7.g =2.21

R Varied Parameters:

: ® Rotational Speed: Nmax Varied From 100% to 81.6%.

@ Flow Path Geometry
® Weight Fiow

® Stage Work Split

® Annulus Areas

@ Degree of Reaction: Stage Exit Swirl

(® CONSTANT HUB DESIGN —F
2.73 INCH RADIVUS

¢ 3

) tl.“ INCH RADIUS
(®) CONSTANT PITCHLINE DESIGN

[2.73 INCH RADIUS

PRI
(© CONSTANT TIP DESIGN 1.56 INCH RADIUS

L} €233 INcH RADIUS
|

=
t 1.56 INCH RADIUS

Figure 3.1 — Preliminary Three Stage Flowpath Configurations
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The incremental total-to-total efficiency levels for the various configurations and rotational speeds
are shown in Figure 3.2 as a function of mean turbine blade speed squared. The mean blade speed is
calculated as the product of the arithmetic average blade radius and the rotational speed. The points on
the left represent reduced blade speed due to reduced radius (constant hub design) and/or reduced
rotational speed, while those on the right represent higher mean blade radius (i.e. constant tip design)
and/or higher rotational speed. The relatively good correlation, in spite ot the variety of configurations
and speeds used, indicates that for the given gas conditions mean overall blade speed is the major
factor of efficiency and, whether one varies blade speed by radius changes or by rotational speed, the
effect will be the same.

As would be expected, the two-stage turbines can be seen to have significantly lower efficiencies
than the three-stage for the speed range considered.
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Figure 3.2 — Comparative Turbine Efficiency at 78 Percen! Speed

Stress and Reliability Analysis B

Simplified stress mudels were constructed of both the blading and the disks in order to estiniate the
relative fast fracture mechanical reliability of the various two and three-stage turbine configuraticns
studied. The construction of the models was particularly oriented towards evaluating the effects of
those measures which increase aerodynamic efficiency by increasing blade speed (i.e. hub and tip
diameters and rotational speed). The assumptions used in the stress models are summarized in Table
3.2 and Figura 3.3 which schematically shows the simplified model used. All stress analysis was done
at the appropriate 106% speed level (N max).
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TABLE 3.2
TURBINE ROTOR STRESS ANALYSIS AND RELIABILITY MODEL

Disk Mode!

e DY First Stage Axisymmetric Finite Element Model
® Diameter Varied 3.1 Inches to 4.2 Inches

e Max Hub Thickness Maintained

e Common Temperature Boundary - All Stages

e Common Blade Number

; ¢ Speed 52,452 RPM to 64,240 RPM

® Material: Silicon Nitride - Duo-Density With Bond Ring
Blade Model

® One Dimensional Model

o Tip Diameter Varied

o Taper Ratio and Root Area Common to all Stages

o Blade Temperature Constant With Radius

—i—a——7— CONSTANT
I\ TAPER RATIO = .31

ONE DIMENSIONAL
BLADE MODEL

) _VARIED HUB
RADIUS

D' AXISYMMETRIC
FINITE ELEMENT
MODEL

VARIED
BLADE
HEIGHT

l«—CONSTANT ]

AXIAL DIMENSIONS
Figure 3.3 — Simplified Turbine Rotor Stress Model
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The existing axisymmetric finite element modei of the D’ first stage disk and its accompanying
boundary temperatures was used as the basis for all stages. Use of the same temperature boundaries
for all stages is admittedly a simplification, but was considered to be a reasonable alternative to a
lengthy heat transfer analysis for a preliminary relative study of this nature. To evaluate the effect cf
changing thc hub radius, all radial dimensions were varied in proportion to their distance from the
bore. Constunt platform thickness was maintained.

Th~ blade mechanical stress distribution was determined on a one dimensional basis. Blades in
each stage were assumed to have a constant temperature representative of typical relative gas tempera-
tures for that stage.

Weibull failure probability analyses were performed on the disk and blade models separatzly with
existing computer programs. Strength properties used are shown in Table 3.3, and represent current
property levels for silicon nitride. The use of the three piece duo-density rotor configuration with the
bond ring method of fabrication was assumed.

Figure 3.4 presents the fast fracture probability of failure for the various flow path configurations
and rotational speeds studied, plotted as a function of overall turbine mean blade speed squared, the
same parameter as used in Figure 3.2 for aerodynamic efficiency. The greater reliability at a given
mean blade speed of the two-stage over the three-stage is to be expected because of the extra rotating
component in the three-stage design. It should be pointed out that the absolute level of the curvasis a
strong function of the particular material properties and wheel and blade geometry used. It is felt that
apparent correlation of probability of failure with mean blade speed over the limited range studied is
attributable in some degree to the fact that for the disk and blade geometries, and material sirength
properties assumed, the rotors were basically disk strength-limited. That is, the numerical reliability of
the disks was in general lower than the blades and was therefore contrslling. However, there is
evidence to suggest that if the blade is the limiting component, the reliability is still a function of
rotational speed, but will become less dependent or blade mean radius.

TABIE 3.3
STRENGTH PROPERTIES

Weibull

Temp Slope MOR

°F m (pel)
2% Mg0 Hot-Pressed SigN4 78 10 109,000
(Hub) 1700 10 95.000
2100 10 78,000
2300 10 63,000
2500 10 42,000
5% Mg0 Press-Bonded SizNg 78 10 90,000
(Bond Ring) 1700 10 81,900
2100 10 65,700
2300 10 52,200
2500 10 33,300
Injection Molded SigNg 78 111 36,300
(Blades and Platform) 1700 16.2 33,300
2100 133 31,900
2300 9.5 33,000

2500 121 31,900




1

!

8888
T

20 &
=
0 o
< &
10 "'g |
€ o
So[EZ S o
=3
-
20 & THREE O CONSTANT HUB
S STAGE O CONSTANT PITCHLINE
10 }© A CONSTANT TIP
05 | )
04 |- (MEAN TURBINE BLADE SPEED)2: Um2 - ft2/sec?
— 1 2 | 4 1 | £ 1

105 2 4 6810° 2 4 6810
Figure 3.4 — Overall Turbine Rotor Failure Probability at 100 Percent Speed

Discussion

Table 3.4 represents the results of the study in terms of percentage point gain in efficiency of a
three-stage turbine over a two-stage turbine for equal levels of overall rotor reliability. It can be seen
that the three-stage efficiency is significantly higher than that of the two-stage and should be further
considered. Because of the simplified nature of the stress analysis, and because of the particular
assumplions regarding material properties and blade-disk geometries, the numerical reliabilities given
should be viewed as relative levels rather than as absolute numbers for a particular rotor. If higher
strength material properties were assumed, the absolute reliability levels could increase significantly.
Similarly. the assumption of a thicker disk or a more tapered blade would be sxpected to change the
absolute reliability level. However, the three stage turbine would still show an efficiency gain relative
1o the two stage turbire.

TABLE 3.4
EFFECT OF STAGE NUMBER ON AXIAL TURBINE
EFFICIENCY A<D RELIABILITY
Relative
Oversll Rotor Aercdynamic Efficiency Increase of
P saliability* Three Stage Over Tw<: Stage Turbino
{Percentage “sints)
0.870 +5.1
0.950 +4.5
0.90 +3.7

* Based on Presen: Disk and Blade Silicon Nitride Properties and Present Disk Dexign.
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This preliminary study has shown that a ceramic three-stage turbine is an attractive alternative to
the current two-stage design in terms of increased reliability and/or efficiency. It was shown that, for
the same overall level of efficiency, a three stage turbine would have a significantly higher reliability
and could operate at 50,000 rpm instead of 64,000 rpm for a two stage design. Alternately, at equal
levels of mechanical reliability, a three-stage turbine can be expected to have a 3-5 percentage point
efficiency gain relative to a two-stage.

Conclusion

From Figure 3.2, it can be se~n that for a given level of efficiency, a three-stage turbine operates at
about 80% of the blade speed of a two-stage turbine. This means that, using the same physical size
ceramic rotor as is currently under development, the maximum speed for a three-stage turbine would
only be about 50,000 rpm as compared to the 64,000 rpm required for the two-stage turbine to reach the
same level of efficiency. As a result, the reliability of the three-stage turbine would be significantly
higher than the two-stage turbine for compe:able efficiencies.

Analysis of Rotor Spin Test Results

In the earlier part of the Vehicular Gas Turbine Program, computer codes were developed and
methodology established for designing with brittle materials. The methodology is based on statistical
concepts which utilize Weibull's model of brittle fracture. Certain aspects of that methodology have
been successfully verified in cold spin tesis of ceramic disks and rotor blades. A program is underway
to conduct corrzlative studies in an environment closely simulating engine operating conditions. These
studies will be conducted in a hot spin rig described in earlier reports. A ceramic turbine rotor was
analyz.d in the rig environment to assess the feasibiiity of using the rig as an evaluation tool and to
determine how closely it will simula'e the engine conditions.

The hot spin rig described in an earlier report (8) will be used to conduct correlative studies between
analytically predicted and experimentally determined failure distributions of ceramic turbine rotors.
The test program will be similar to the program previously conducted in the cold spin pit {10), except
the tests will be conducted at elevated temperatures.

The proposed test proceduie is to first establish a temperature distribution in the rotor at a stable,
relatively low speed. The rotor is then accelerated sufficiently rapidly so that only negligible tempera-
ture changes occur in the rotor. The iailures that occur during acceleration will determine the experi-
mental fast fracture failure distribution. The calculated fsilure distribution will be determined using
finite element computer codes. Temperature and stress distributions in the rotor failure analysis
prevailing at the time of failure will be computed and the failure probabilities determined using
appropriate strength distribution (Weibull) parameters obtained from MOR tests. Rotors which survive
the fast fracture test procedure will be durability tested. The rotor will be operated at steady state
temperature and speed conditions for a previously determined period of time. Failures which occur
during the durability test will be correlated with life predictions.

The finite element model of the hot spin rig rotor assembly is shown in Figure 3.5. The model is
based on the redesigned hot spin rig configuration (10) and will be used to calculate the temperature
distributions. The physical parts represented by the finite elements are shaded and labeled. The blade
finite element mesh has been previously illustrated ‘6).

The temperatures in the rotor assembly will be determined by the boundary conditions around the
assembly and by the thermal conductivities of the interior of the assembly. Heat is applied to the rotor
at the blades with 12 gas burners. The resulting temperatures are measured at the rim and the blades
with optical pyrometers. The measured rim temperature forms one boundary condition for the rotor
assembly. The assembly bolt is cooled with air, and this air flow is assumed to flow out of the end of the
bolt and up over the nut and cap and then up the upstream side of the rotor. This flow is the second
boundary condition and is shown as “A” or Figure 3.5.
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Figure 3.5 — Finite Element Model of Hot Spin Test Rig Rotor ard Shaft Assembly

The outer diameter of the shaft is fed with labyrinth discharge air. This flow is assumed to travel
across the metal cone and slet' ¢ and up the downstream side of the rotor. This flow is the third
boundary condition and is show. as “B” on Figure 3.6. The rim temperature is the source of heat for the
assembly, and the two air flows are the heat sinks, resulting in a temperature gradient in the rotor hub.

A sample calculation was done to investigate the feasibility of matching engine temperature distri-
bution in the rotor. The results of this calculation are shown in Figure 3.6 and may be conipared to
engine results previously published (10). The sample calculation assumed a uniform rim temperature
of 2300°F. For the actual test program, the rira temperature will be measured and the measured values
will be used as input 10 the finite element model. The finite element model and the boundary condi-
tions will be checked with the use of thermal paints prior to conducting the correlation study tests.
Adjustme:ts will be made in the model, if required, when experimental temperature data become
available.
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Figure 3.6 — Isotherms (°F) in First Stage Rotor at 24,080 RPM and 23¢8°F. Rim
Temperature Operating Conditions
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312 MATZRIALS AND FABRICATION

Introduction

The duo-density process is a multi-step forming procedure heginning with an injection molded
reaction sintered silicon nitride blade ring, and ending with a hot pressing operation which forms the
hot pressed hub and bonds this hub to the blade ring. Coupled with these operations are the continued
use of non-destructive testing techniques botli throughout the duo-density process and after finish
machining of the hot pressed rotor.

The main thrust of the injection molding effort during this reporting period was 1) the installation of
automalic controls on the injection molder; 2) improvements in material mixing technigues; and 3} a
reduction in contamination of the injection molding material. Work in hot pressing consisted of 1} the
installation of a simplified two piece design rotor assembly; 2) material densification studies; and 3} a
continued effort to eliminate hot pressing cracks in the rotor blades and rim.The objective of the NDE,
program is to concentrate development and application eftort on the methods with immediate potential
and vet assess other techniqgues as their development proceeds. In this regard, a preliminary study on
the use of a Microfocus x-ray tube was accomplished, and several other new NDE techniques were
assessed for long or short term potential.

Molded Blade Ring Fabrication

During injection molding of ceramic turbine components, some variability of molding parameters
has been observed. Random viriations were experienced in molding material temperature, die tem-
perature, process time, and various other parameters which often exceeded the tolerance limits estab-
lished for molding acceptable components. These variations led to low vields of good gquality molded
consponents and served to point out a need for iniproved molding controls, with the eritical parameters
being accurately controlled automatically rather than manually.

In designing a control system to eliminate parametric variations affecting component molding, the
variables o be controlled were first defined. It was desired that all material and die temperatures he
controlled to within 1°F. Mold release application and compressed air blowout for cleaning the
medding tooling were also to be eontrolled to within 0.1 see. actuation time Both the vacuum Jovel in
the molding tool and the injection pressure were to be controlled utilizing pressure sensing limit
switches. Temperature of the component being formed had previouslv been measured during the
molding process by means of a thermocouple mounted in the die with the bead projecting into an area
of the machining stock of the component (Figure 3.7). Utilizing this thermocouple, the die-opening
pottion of the molding eyvele was to be controlled based upon part temperature with a resolwtion of
+t°F,

Implementation of these coneepts into a design for an automiitic control system was carried ont in-
house. The completed control, shown ir Figure 3.8, utilized solid state logic 10 accomplish all control
functions as defined in the initial design. CMOS type logic was chosen for its high noise immunnity.

In the component molding operations, all time conusls are set as desired. Temperature or time
made die opening is select: J as are the parameters for mold release, vacuum, and cleaning air. In the
fully wutomatic mode, the power-on button is depressed followed by the ¢vele start button. The
machine molds one component — in this case a rotor blade ring — then stops. After the blade ring is
manually nnloaded from the tool, the process is repeated. H desired. the machine can also be run ina
manual inede. After the power is turned on and cycle start depressed, the control hutton for cach
function must he depressed. As each function is coapleted, the machine returns to standby while
awaiting a new command. Any step can be skipped or its sequence altered in the manuai mode with
the exception of those which would cause machine damage.

Although thi- system was designed specifically to optimize rotor blade ring molding, it should be
equally effectic i molding otker components.




Figure 3.7 — Movable Half of Rotor Blade Ring Tool Showing Thermocouple for
Measuring Temperature

Figure 3.8 — Operator’s Controls for Automatic Injection Molding Control Unit




With automatic control to reduce variability of parameters successfully obtained, recording the
actual parameter level and correlating its effect on part quality became increasingly important. To
record temperature data, two 4 channel strip chart recorders were added to the system. Extra thermo-
couples were added to th~, barrel and nozzle, and a temperature comparator was used to provide a

signal to the recorders.

Using the recording system during the molding, the effects of process changes were readily seen and
analyzed. For example, Figure 3.9 shows that nozzle material temperature drops as the nozzle contacts
the tool. This rapid nozzle cooling was found to cause small, solidified iniclusions which were visible in
the molded component. By adjusting cycle time and nozzle temperature, a critical lower limit of nozzle
temperature was determined and henceforth maintained above this level.
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Figure 1.9 — Example of Temperature Recording Charts From Automaric Molding of
Rotor Blade Rings

‘T'wo improved techniques of molding flaw detection were also employed to more comnpletely charae-
terize the as-molded rotor blade rings. A 70 power stereo microscope with several high intensity
flucrescent lamps at oblique angles to the surface being inspected was found to be superior to the 35
power stereo microscope previously nsed. To more completely examine the blade ring rim {or internal
voids, an oblique x-ray technique has been instituted. The part is mounteid on a 45° angle relative to
the x-ray bean and 2 radiographs taken at 90° rotatisas of the blade ring. These obligue x-rays have
allowed increased resolntion sf fin voids.

Molding of blade rings was continued following installation of the new automatic control system.
Due to the previous wide degree of process variations, the exact parameters required tonold accepta-
ble rotor blade rings had to be determined by means of o parametric study,which vielded an initial set
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of parameters which produced good rotor blade rings. A quantity of blade rings were molded; how-
ever, during processing, vane trailing edge root cracks were discovered, as shown in Figure 3.10.

Investigation of methods of eliminating vane root cracks revealed that they were caused by exces-
sive tool movement during molding. The pressure of the molding material was pushing the tool open
slightly during filling. When the pressure was released, the molding machine reclosed the tool, fractur-
ing the vane trailing edge at the root. Die movement was reduced to an acceptable level through clamp
adjustment. A Bentley-Nevada proximity probe was installed to measure die movement during mold-
ing. Curves of normal (acceptable) die deflection were developed and care taken to maintain clamp
adjustment within this limit (>0.0005 inches). A single channel strip chart recorder was added to the
control system to record die deflection for each component molded.

Once it was determined that this improvement resulted in rotor blade rings with no trailing edge
cracks after processing, additional components were molded. Oblique rim x-ray results for these rotors
showed many internal voids in the rim areas, thus necessitating further optimization. A reduction in
material temperature of 20°F was found to reduce internal voids to a level undetectable to oblique x-
ray. An example of a rim void is shown in Figure 3.11.

A quantity of rotors was molded at the parameters now optimized to give void free rotor blade rings.
During this molding run a problem with unmelted inclusions was noted. An example of an inclusion is
seen in Figure 312 These Inclusions have been noted periodieally in all rotors molded usisig the 2.7
g/cc density material. The cause of these inclusions was found to be cooling of the molder nozzle as it
contacts the cool tool, as noted earlier in this section. If the temperature dropped below 150°F small
inchusions were noted in the rotor blade ring. Raising the initial nozzle temperature maintained nozzle
temperature above 150°F, eliminating the inclusion without adversely affecting blade ring quality.

A quantity of rotur blade rings has been molded for processing using all of the improvenients
discussed in this section.

Figure 3.10 — Trailing Edge Flaw in Injection Molded Rotor Blade Ring




Figure 3.12 — Unmelted Inclusion in Injection Molded Blade Ring
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Duo-Density Rotor Fabrication

After the blade ring has been fabricated and nitrided, the next step in the process is to slip-cast the
blade fills which completely encapsulate the airfoils and the blade ring rim. This blade filling process
was described in detail in the last report (10). The purpose of the blade fill is to provide support for the
blades and the rim during the hot press bonding operation when the dense silicon nitride rotor hub is
formed and bonded to the blade ring.

Previous to the last report, the primary approach taken was that of hot pressing a fully contoured
hub while simultaneously bonding it to the reaction sintered blade ring shown schematically in Figure
3.13. This twe piece fully contoured hub required hot pressing pressures oi 4000 psi at 1750-1775°C for
3 hours when using silicon nitride powder with two weight percent magnesium oxide. The high axial
load resulting from the 4000 psi acting over the entire area bencath the blade ring resulted in cracking
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of the blades in the fillet region where the blades join the rim. During the last reporting period (10) a
three piece concept, shown in Figure 3.14, was introduced which reduced the axial loading during the
bonding process to one-third of that previously used in the fully contoured two piece concept. The
three piece concept consisted of hot pressing a hub to theoretical density, machining the outside
diameter of the hub and attached graphite pistons, and then hot press bonding this preformed hub to
the blade ring using a circular ring of hot pressed silicon nitride.

During this reporting period 46 rotors were fabricated utilizing the three piece concept. The hot
pressed rotor hubs were fabricated from silicon nitride powder with 2-5 weight percent magnesium
oxtde and pressed at 5000 psi for three hours at 1775°C. The bonding ring was formed using 5 weight
percent magnesium oxide, which was hot pressed at 1500-2500 psi for 3 hours at 1775°C during the
assembly operation. Blade and blade rim cracking was usually minimal, and in some cases no cracking
was observed. However, the problem of achieving uniform densification of the bonding ring persisted.
Since a modification of the bond ring bottom contoured piston in the hot press (10} reduced the
densification problem, both of the pistons were further modified to a flat configuration. The result
indicated incomplete densification still occurred, as shown by the circle in Figure 3.15. As mentioned
in the previous report (10} another technique was investigated to solve the problem. A preformed bond
ring of silicon nitride powder with 5 weight percent magnesium oxide was cold pressed at 8000 psi and
the hot press bonded to the hub and blade ring. This approach was taken to insure an even distribution
of the silicon nitride powder in the bond ring cavity. However, the results, shown in Figure 3.16,
indicated incomplete densification: of the lower portion of the bond ring still occurred.

During the time this inconsistent densification problem was being investigated, another problem be-
came apparent. Test bars were cul from several three piece rotors fabricated with systematically varied
hot press bonding parameters and tested at elevated temperatures. The results, presented in detail in
Sectiun 4.2 of this report, indicated that the strength of the HPSN-10-HPSN joint between the hub and
the bond ring was reduced from that of the parent materials. In addition, several rotors exhibited
crack-like indications in the HPSN hub-to-HPSN-bond ring joint region which were revealed in an
inspection of the rotors during the finish machining process.

As this troublesome bond problem became apparent, a parallel parameter study in hot pressing cf
SigN4 showed that flat-sided HPSN disks could be made at pressing pressures as low as 500 psi. As a
result, a two-piece duo-density SigNg rotor with a simplified fiatter hub profile was considered.

The simplified two piece design, shown in Figure 3.17, climinated the complex contoured shape of
the rotor hub, thereby making pussible the densification of the silicon nitride powder at pressures far
below those previously required to produce a dense fully contoured hub. As noted above, a study on
hot pressing of silicon nitride with various concentrations of Mg0 and under various pressures, re-
ported ir detail in Section 4.1 of this report, indicated adequate strength could be achieved in flat sided
disks with hot pressing pressures as low as 500 psi. Ten design D’ duo-density rotors were fabricaled in
this simplified contiguration using pressures of 560 o 1506 psi, with 3-1/2 w/0 magnesium oxide added
to the silicon nitride powder which was milled with tungsten carbide balls. Blade and rim cracking
oceurred on all rotors to some degree. A typical leading edge crack is shown in Figure 3.18. Three
rotors having no rim cracks and minor blade cracking were selected and are in the process of being
machined for rig and engine testing in order to evaluate this design.

(ther areas in the rotor fabrication process were wlso evalusted during this reparting period The
effect of wedge pressure on blade ring deformation was found to be minimized at 1000 pound wedge
loading. Below 1000 pounds. the hot pressed rotors exhibit axial cracks in the rim indicating insuffi-
cient load was applied to counteract the omtward radial pressures exerted by hub densification. Wedge
loads above 1500 pounds produced indentations between the blades in the rim as a result of pressure
through the first blade fill material.

Another important observation was the significant reduction of biade root cracking problems at the
I B I

blade fillet with the new design 1) blade ring. Because of the modified blade profile this blade ring
design appears 1o be more compatible with the graphite wedge system fabrication coneept.
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Figure 3.15 — Section of Press-Bonded Rotor Made Using Modified Contour Top and
B ttom Pistons

Figure 3.16 — Section of Press-Bonded Rotor Made Using a Dry Pressed Preformed
Bond Ring
39




o

OUTER SRR RS
WEDGE __| R
GRAPHITE RO NS SR \\
PISTON N, GRAPHITE
AN PISTON
\\:\:\\\E\XTENSION \\
OO,
\\\\\\\\\\\\\ GRAPHITE
————a RESTRAINING
SLEEVE
TOP GRAPHITE
PISTON
TAPERED pis oty Ny
OUTER [ FILL 4 POWDER
GRAPHITE ™4 : ; e -h —r——
WEDGE P L. IR
e == R
TAPERED - AN
INSIDE == p=
GRAPHITE C e - R
WEDGE b N =)
BOTTOM N REACTION
GRAPHITE SINTERED
. PISTON \ BLADE
Y x RING
; SILICON CARBIDE BASE
N N N N NN\

Figure 3.17 — Hot Press Bonding Assembly — Simplified Two Piece-Duo-Density

Rotor Concept




L beas

TYPICAL LEADING
EDGE CRACK

T g

Figure 3.18 — Section of Press-Bonded Rotor Showing a Typical Blade Leading Edge
Crack

Non-Destructive Evaluation

A number of Non-Destructive Evaluation (NDF) techniques were considered for the detection of
flaws in complex gas turbine components. These techniques are listed in Table 3.5, which shows the
current level of development for each of these technigques with respect to 1) their capability of detect-
ing flaws in complex parts; 2j potential for rapid examination of these parts; 3} development time,
development costs, and equipivent costs, and 4} status or recommendation for future action.

A promising NDE tool, evaluated on a preliminary basis during this reporting period, was the
Magnaflux MXK-100M Microfocus x-ray tube. This tube head is portable, weighs about 2ighi pounds,
and fits easily into a space less than four inches in diameter. li is partienlariv advantageons over the
conventional x-ray tube because of its small focal spot of 0.05 millimeters which permits 1} film focal
distance as low as 3 inches; 2} direct enlargements up to 36x; and 3} extremely fine resolution and
geometric sharpness.

Because of these features the MXK-100M x-ray tube would be partienlarly usefol for in-process
inspection of duo-density rotor blade rings. where the portable features o the equipment wonld permit
inspection at the molding site. A problem often encountered in the molding of turbine rotor blade rings
is the existenee of voids directly under the blades in the rim of the rotor. Using conventional x-ray
eqiipment these voids can best be detected using 2 or 3 obligue x-ray views. as noted earlier in this

ction, A very important feature of the Mierofocns x-ray tnbe is its suitability for design into a
panoramie tube. Such a tube would emit a 360° circumferential beam, permitting a single radial shot of
a cylindrical object. An example of a simulated panoramic x-ray of a tarbine rotor blade ring can be
seen in Figure 3.19. This partienlar film was made using the standand Microfocus tube, and even
though the sharpness is not good for all the blades, it is obvious that a circnmferential crack exists as
well as a void in the rim under one of the blades.

1]




Summarizing the NDE work during this reporiing period, activity was concentrated on the immedi-
ately useful techniques such as stator vane load testing (Section 3.2.1 of this report) and the preliminary
investigation of the Microfocus x-ray tube. As a result the stator vane load test fixture is very nearly
operational, and the Microfocus x-ray tube, including the panoramic tube design, is expected to be
procured and utilized during 1977. Other techniques such as infrared thermography and the electro-
static method, will be assessed at least through a feasibility study. A third group of N.D.E. techniques
include ultrasonics, holosonics, and x-ray tomography. These techniques are considered to require
extensive additional development before application could be expected.

TABLE 3.5

CURRENT LEVEL OF DEVELOPMENT FOR NDE TECHNIQUES UNDER CONSIDERATION

CRITERIA N.D.E. TECHNIQUE
Mechanical High
Microfocus  Infra-red X-ray Ele.trostatlc Holosonic Load Frequency
X-ray  Thermography = Tumography Method Method Testing Ultrasonlc
I. Capability of  Large flaws N.D.* Large flaws If flaw s N.D. Feasibility Detects flaws Potentially
detecting put under demonstrated only  through failure. useful for
flaws in load ou simpler Not a direct small flaws,
complex shapes indication difficult to
parts of flaw apply 10
complex
shapes
2. Provides Yes, may ND.* Very attractive N.D. ND Ye. ND*
rapd exam- be 1m- can store data
ination of proved for pictorial or
complex with pan- nuinerical rapid
parts and oramic output
gives simple X-ray tube
answers
3 Develop- Reasonably ND® Very expemive Short develop-  Long develop- {nexpenive High devel-
ment time short time, particularly ment time, ment time, upment and
and cost low devel- cquipment costs potentiatly in- kigh equip- equipmznt
atimates opment capenive ment Costs lists
and eguip-
ment cost
4 Status or Proceed 1o Proceed with Proceed on Proceed Recommend Currently esed heep
recom. develop feasitlity smahi n- with feauibility  technique on statons abreast of
mend- and study hodse program demonstration  for other onguoing
ation apply as Seek support programs which development
rapdly for larger use he: work
pussibie program frequemy

equipment

*ND not Jetermined
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Figure 3.19 — Simulated Radial Panoramic View of Turbine Rotor Blade Ring Made
] Using Microfocus X-Ray Equipment
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3.13 ROTOR TESTING

Introduction

Rotor testing during this reporting period concentrated on contiriuing rotor blade bend testing, hot
spin rig development, spin pit testing of hot pressed silicon nitridc rctor hubs, anc lubricant tests for
interfacing materials between the cer:mic rotor and mating meta! components. As reported previously,
(9, 10) the blade bend tust has been used to evcluate blade streagth differences between siip cast and
injection molded materials and to evaluate hea'ing and thermal shock effects. The vacuum spin pit was
used to evaluate rotor hubs fabricated by a unique hot pressing technique devised by AMMRC. The
development of the hot spin rig continued with emphasis placed on improving, the failure detector
system, temperature measuring system, and burst absorption capability. The curvic teeth on the rotor
shaft and curvic coupling adaptor, used in engine testing of ceramic turbine wheels, have been gold
plated to increase the operating temperature capabilities and reduce friction of the ceramic rotor
interfaces.

Blade Bend Testing

Blade bending testing of 2.7 gm/cc density D’ blade rings and rotors continued during this reporting
period. The procedure for this test remained unchanged from that described in the previous report (10).

The blade bend test supplies useful inforriation on the quality of the nitriding cycle For example,
comparing the results for blade rings 1773, 1775, 1778, and 1779 versus 1377, 1386 and 1410 a5 shown in
Table 3.6. the characteristic failure loads of the first group nitrided in 100 percent nitrogen are noti-
ceably lower than the second group nitrided in a 4 percent hydrogen — 96 ercent nitrogen atmo-
sphere.

Table 2.6 also shows blade fzilure load test results for a third group (1759, 1747, and 1737) of blade
rings nitrided in four percent hydrogen — balance nitrogen. The characteristic failure loads of this
group of blade rings are also significantly higher than blsde rings nitrided using 100 percent nitrogen.
This third gronp of blade rings also had slightly higher characteristic failure loads than the second
group, even though both groups were nitrided under the same conditions. No apparent reascn was
found for this difference.

TABLE 3.6

SILICON NITRIDE DESIGN D’ BLADE BEND TEST RESU'LTS
Injection Molded 2.7 gm/cc Density Material

Blade Ring Number of Weibull Charscteristic Nitriding No.
Number Data Points Slope Load (lbs.) Atmosphere
1773 8 6.5 67 B-56/100< N2
1775 n 10.0 71 B-56/100 N>
177 7 122 65 B-56/100¢ N2
1779 10 10.0 71 B-56/100%: N»
1377 18 6.6 82 B-48/4% H2 9%6% No
1386 15 13.0 89 B-48/4% Hp 96 No
1410 19 4.1 95 B-18/4% H» 96% No
1759 24 8.9 99 B-54/47 H2 96% N2
1747 24 16.3 10 B-54/4% H>» 96 Na

1737 f 8.0 105 B-54/4< Ho 96% N




Cold Spin Testing

The vacuum cold spin pit was used to evaluate four silicon nitride rotor hubs fabricated by the Army
Materials and Mechanics Res:-arch Center (AMMRC). These hubs consisted of two individually hot
pressed halves which were ground flat at the adjoining surfaces and bonded into an integral hab
configuration

Figure 3.20 shows a finish machined rotor hub, m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>